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Amostras de água da chuva foram coletadas em dois locais (Maracanã e Deodoro) na cidade do Rio de Janeiro, no 
período de junho de 1999 a março de 2000. As amostras foram analisadas quanto aos constituintes inorgânicos 
majoritários (H+, NH4+, Na+, K+, Ca2+, Mg2+, Cl-, NO3- e SO42-) para determinação de suas concentrações e fontes 
potenciais. As concentrações médias ponderadas pelo volume (MPV) dos íons inorgânicos não diferiram 
estatisticamente entre os locais de amostragem, exceto o H+. Cloreto e Na+ foram os constituintes mais abundantes 
na água da chuva em ambos os locais. As frações não–marinhas (nss–) de K+, Ca2+, Mg2+ e SO42- compreenderam 
54–83% de suas concentrações. Amônio excedeu a concentração do NO3- por um fator de 1,5, indicando 
predominância da forma reduzida de nitrogênio para o total de nitrogênio inorgânico. As correlações significativas 
entre as concentrações de NH4+, nss–Ca2+, nss–SO42- e NO3- (dados combinados; n = 41), sugerem que a dissolução 
dos seus precursores (NH3, H2SO4, HNO3, (NH4)2SO4, NH4HSO4, NH4NO3 and CaC2O4), controlaram a acidez da 
água da chuva. A composição química da precipitação nessa região é provavelmente governada por aerossóis de sal 
marinho e por múltiplas fontes naturais e antrópicas locais e/ou regionais. 
Palavras-chave: Precipitação química, poluição atmosférica, química da atmosfera. 
 
ABSTRACT 
Rainwater samples were collected at two sites (Maracanã and Deodoro) in the city of Rio de Janeiro, from June 
1999 to March 2000. The samples were analyzed for major inorganic constituents (H+, NH4
+, Na+, K+, Ca2+, Mg2+, 
Cl-, NO3
- and SO4
2-) in order to determine their concentrationtions and potential sources. The volume–weighted mean 
(VWM) concentrations of inorganic ions did not differ statistically between the sampling sites, excepted H. Chloride 
and Na+ were the most constituents in the rainwater in both sites. The non–sea–salt (nss–) fractions of K+, Ca2+, 
Mg2+ and SO4
2- comprised 54–83% of their total concentrations. Ammonium exceeded NO3
- concentration by a factor 




- concentrations (combined data; n=41) indicate that 
dissolution of their precursors (NH3, H2SO4, HNO3, (NH4)2SO4, NH4HSO4, NH4NO3 and CaC2O4) controlled the 
rainwater acidity. The chemical composition of precipitation in this region is probably governed by sea–salt aerosols 
and by multiple local and/or regional natural and anthropogenic sources. 
Keywords: Chemical precipitation, atmospheric pollution and atmospheric chemistry.  
Artigo Original 
 Original Article  
Artículo Original 





Muestras de agua de lluvia han sido recogidas en dos sítios em la ciudad de Rio de Janeiro (Maracanã y Deodoro), 
desde junio de 1999 hasta marzo de 2000. Se hizo las analises para determinar las concentraciones de sus 
componentes inorgánicos (H+, NH4
+, Na+, K+, Ca2+, Mg2+, Cl-, NO3
- y SO4
2-) y posibles fuentes. No fueren 
encontradas distinciones em los sítios cuanto a las concentraciones promedio ponderadas en volumen (PPV) de 
iones inorgánicos, excepto para H+. Cloruro y Na+ fueron los componentes más abundantes em el agua de lluvia en 
ambos lugares. Las fracciones no marinas (nss–) de K+, Ca2+, Mg2+ y SO4
2- comprendieron 54-83% de sus 
concentraciones. Amonio excedió la concentración de NO3
- en un factor de 1.5, indicando predominio de la forma 




- (datos combinados; n=41) indicando que la disolución de sus 
precursores (NH3, H2SO4, HNO3, (NH4)2SO4, NH4HSO4, NH4NO3 y CaC2O4), controlaron la acidez em la lluvia. La 
composición química de la precipitación es probablemente gobernada por aerosoles de la sal marina y por múltiples 
fuentes naturales y antrópicas locales y/o regionales. 





Precipitation plays an important role in the 
removal processes (in–cloud and below–cloud) of 
soluble substances from the atmosphere. Rainwater 
contains trace amounts of inorganic (H+, Na+, K+, NH4+, 
Ca2+, Mg2+, Cl-, NO3-, NO2-, SO42-, HCO3-, PO43- and 
transition elements) and organic (organic acids, semi–
volatile organic compounds, amino acids and urea) 
constituents (MOPPER and ZICA,1987; GALLOWAY 
and KEENE, 1989; CORNELL et al., 1998; VET et al., 
2014). Its composition varies locally and regionally due 
to natural and anthropogenic emissions of gases and 
aerosol particles, and their chemical transformations in 
the atmosphere (SEINFELD and PANDIS, 2006; VET et 
al., 2014). Therefore, rainwater is a useful tool to 
evaluate the levels of impact caused by human activities 
on the atmosphere (VET et al., 2014). 
Investigations on rainwater chemistry have been 
subject of research since the mid–20th century due to the 
effects of acid rain on the environment and its ecological 
consequences (BARRETT and BRODIN, 1955; ODÉN, 
1976; GORHAM, 1998; BURNS et al., 2016; 
GRENNFELT et al., 2020). In Brazil, studies of 
chemical composition of rainwater and bulk 
precipitation (rainwater and dry deposition of settling 
particles; DE SOUZA et al., 2017) have been conducted 
in (coastal and inland) urban áreas (CAMPOS et al., 
1998; FIGUERÊDO, 1999; DE MELLO, 2001; LARA 
et al., 2001; FORNARO and GUTZ, 2003; LEAL et al., 
2004; MIGLIAVACCA, 2005; FORTI et al., 2007; DE 
SOUZA et al., 2015); locations of coal mining, coal–
fired power plant and cement industry (FLUES et al., 
2003; MIGLIAVACCA, 2004); rural and agricultural 
áreas (CARVALHO and LEPRUN, 1991; LARA et al., 
2001; CASARTELLI et al., 2008; OLIVEIRA et al., 
2012); industrial locations (CASARTELLI et al., 2008; 
VIEIRA–FILHO et al., 2015) and tropical forest sites 
(SILVA–FILHO, 1985; BROWN et al., 1989; 
WILLIAMS et al. 1997; FILOSO et al., 1999; DE 
MELLO and ALMEIDA, 2004; FORTI et al., 2007; 
ABREU, 2005; DE SOUZA et al., 2015). 
In the Metropolitan Region of Rio de Janeiro 
(MRRJ), the second largest urban and industrial center 
of Brazil, studies on precipitation chemistry started in the 
early 1980s in a 40–km2 urban forest reserve (Tijuca 
National Park) located within the city of Rio de Janeiro 
by Silva–Filho (1985) and Brown et al. (1989) with 
measurements of pH and some major inorganic 
constituents (Na+, K+, Ca2+, Mg2+ and Cl-). These authors 
reported a low mean pH value (4.7), however, the 
controlling factors which influenced the free acidity 
could not be properly discussed due to the lack of NH4+, 
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NO3- and SO42- data. If they had calculated the volume–
weighted mean (VWM), based on the weekly H+ 
concentration data, instead of mean pH, the former 
would possibly be lower, as emphasized by Fornaro and 
Gutz (2006).   
De Mello (2001) investigated the major 
inorganic constituents of rainwater in the late 1980s in 
the city of Niterói, southeastern MRRJ, approximately 
17 km east–northeast of Tijuca National Park. He found 
a VWM pH of 4.8, very similar to the mean value 
reported by Silva–Filho (1985) and Brown et al. (1989). 
De Mello (2001) also revealed that, based on the VWM 
concentrations of SO42- and Na+, the non–sea–salt sulfate 
fraction (nss–SO42-) corresponded to 82% of the total 
SO42- and the equivalent proportion of nss–SO42-
:NH4+:NO3- was 2.1:1.2:1.0.  
Fornaro and Gutz (2006) showed that the mean 
annual concentration of SO2 in the city of São Paulo, 
Brazil’s largest urban and industrial center, dropped 
about 72% from 1983 to 2004, being more pronounced 
in the first 10 years. No monitoring data for the same 
period is available in the literature for the MRRJ. 
Studies on chemical composition of rainwater 
within the MRRJ are still poorly documented. In this 
article we present the concentration of major inorganic 
constituents in rainwater sampled at two locations in the 
city of Rio de Janeiro from mid–1999 to March 2000 and 
examine their major natural and anthropogenic sources. 
The surroundings of these two sites are characterized by 
areas of high traffic flow and poor ventilation due to the 
presence of Tijuca and Pedra Branca massifs, 
topographical barriers against the prevailing southerly 
winds. Our work focused on determining the major 
natural and human–related factors controlling the 
chemical composition of rainwater in this region.  
 
MATERIAL AND METHODS 
Study area  
This study was conducted at two sampling sites 
in the city of Rio de Janeiro (Fig.1). One located at the 
campus of Universidade Estadual do Rio de Janeiro 
(22º54’42” S; 43º14’04” W), in Maracanã district. 
Another, located at a military base in Deodoro district 
(22º51’43” S; 43º23’28” W). The Maracanã and 
Deodoro sites, characterized as coastal urban areas, are 
located respectively 9 and 17 km north of the Atlantic 
coastline. Between the Atlantic and these sampling sites 
lie the Tijuca and Pedra Branca massifs. 
The city of Rio de Janeiro is bounded by the 
Gericinó–Mendanha massif to the northwest, Tijuca 
massif to the south and Pedra Branca massif to the 
midwest (Fig.1). The city has an area of 1.225 km2, of 
which 45% are built up, 43% is covered by vegetation, 
3% by industries, 2% by agricultural areas and the 
remainder is occupied by rocky outcrops and flooded 
areas (IPP, 2013). In 2000, its population comprised 5.9 
million inhabitants (IBGE, 2000); and the active vehicle 
fleet was about 1.6 million, of which 84% were made up 
of cars (DETRAN, 2001). Soils in the city of Rio de 
Janeiro are classified as red–yellow latosol and red–
yellow podzolic (IPP, 2013). 
The mean annual precipitation in the city of Rio 
de Janeiro presents a spatial variation due to the 
topography. At higher altitudes, precipitation ranges 
from 1200 to 2200 mm and decreases to a minimum of 
900 mm at lower elevations (DERECZYNSKI et al., 
2009). Based on the Köppen climate classification 
system, climate is tropical monsoon (Am) (ALVARES 
et al., 2013).  
Atmospheric circulation in this region is under 
influence of the sea breeze with prevailing winds from 
south and southeast (at the day and early evening) and of 
the mountain breeze with winds from north (at dawn and 
early morning). During the passage of cold fronts, winds 
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are from south and southwest (DE SOUZA et al., 2015). 
However, the two sampling locations are characterized 
by poor ventilation due to the mountainous relief 
between them and the coastline, which form a barrier for 
the prevailing southerly winds. At these sites, daily 
average calm wind conditions (wind speed < 0.5 m s-1) is 
8% for Maracanã and 26% for Deodoro, with high 
stagnation conditions occurring at dawn, reaching 15% 
and 46%, respectively (PIMENTEL et al., 2014). 
In the MRRJ (6,745 km2), at the turn of the 21st 
century, the anthropogenic emissions of NOX and SO2 
were 28 Gg N yr-1 (G = 109) and 32 Gg S yr-1, 
respectively, of which mobile and fixed (mainly 
petrochemical industry and power plants) sources 
comprised respectively 66% and 33% of NOx and 12% 
and 88% of SO2 emissions (LOUREIRO, 2005). 
The airports and the port zone of the city of Rio 
de Janeiro contribute with less than 1% of NOX and SO2. 
Emissions of H2S, from polluted mangrove sediments in 
Guanabara Bay have never been estimated, but because 
their rapid oxidation rate in the atmosphere, they might 
represent an important local source of SO2.
 
Figure 1. Location of study area and sampling sites, the Maracanã and Deodoro districts, in the city of Rio de 
Janeiro, southeastern of Brazil. 
 
By the beginning of the 21st century, the 
surface waters of Guanabara Bay emitted about 1.4 Gg 
N yr-1 (or 3.6 t N d-1) of NH3 to the atmosphere, 
attributed to discharges of untreated sewage into the 
bay (GUIMARÃES and DE MELLO, 2006). In 
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burning, vehicles and a petrochemical industry as 
potentially important local sources of NH3 to the local 
atmosphere, though unquantified as yet. 
 
Sampling 
Rainwater samples were collected weekly 
during 10 months (from 1999 to March 2000) in the 
Maracanã district and during 8 months (from August 
1999 to March 2000) in the Deodoro district. The 
collections of rainwater samples were performed using 
a Graseby /GMW automatic sampler (model APS 78–
100, Village of Cleves, Ohio). This sampler was 
equipped with two 13–L buckets (with 28.5 cm 
diameter), one for wet deposition (rainwater 
collection) and one for dry deposition (collection of 
settling particles), whose opening and shutting were 
controlled by a precipitation detector. In this study, 
only wet deposition was used.  
One-liter polyethylene bottles were used for 
sample collections from buckets and 250–mL 
polyethylene bottles for storage of filtered samples. 
They were previously cleaned using Milli–Q water 
(ultrapure; < 1 µS cm -1) and soaked for 24 h. Then 
were dried and stored in plastic seal bags. After the 
samples retrieval, the volume of rainwater was 
recorded for further calculation of precipitation. A 
total of 48 rainwater samples (27 from Maracanã and 
21 from Deodoro) were collected during the study 
period.  
No biocide was added to the sample before or 
after collection. Previous studies showed no alteration 
in the chemical composition of rainwater samples 
treated or not with thymol (biocide) after 7 days of 
storage at room temperature (HADI and CAPE 1995; 
AYERS et al., 1998). 
After collection, the rainwater samples were 
taken to the Laboratory of Environmental 
Geochemistry at the Chemistry Institute of 
Universidade Federal Fluminense and immediately 
filtered through Millipore 0.22 µm pore size cellulose 
acetate membranes (diameter of 47 mm) and stored in 
a freezer (–22 ºC). In unfiltered aliquots, electrical 
conductivity and pH measurements were carried out 
using a conductivity meter WTW model LF330 and a 
pH meter WTW model pH330. The former was 
calibrated with 0.01 and 0.05 µmol L-1 KCl solutions 
and the latter with pH 6.86 and 4.01 standard buffer 
solutions (APHA, 1985). 
 
Chemical Analysis 
Ammonium was determined 
spectrophotometrically using the indophenol blue 
methods with absorbance measured at 630 nm in a 
Hitachi spectrophotometer model U-1100 
(GRASSHOFF et al., 1983). Calcium and Mg2+ were 
analyzed by atomic absorption spectrometry, and Na+ 
and K+ by flame emission spectrometry in a 
spectrophotometer Baird Atomic 4200. Nitrate, Cl- 
and SO42- anions were determined by ion 
chromatography (Shimadzu model LC-10 AD), with a 
conductivity detector, using a Shim–pack IC–GA1 
pre–column and a Shim–pack IC–A1 (4.6 mm x 10 
cm) chromatographic column (with no suppression 
system). The temperature of the column was 
maintained at 40 ºC during analysis.  The mobile phase 
consisted of a solution of 2.4 mmol L-1 potassium 
hydrogenphtalate, prepared with Milli–Q ultrapure 
water (< 1 µS cm-1), with a flow rate of 1.4 mL min-1. 
The samples (or standards solutions and blanks) were 
injected manually through a loop of 1 mL. The 
detections limits were (in µmol L-1): Na+ (0.74), K+ 
(0.55), Mg2+ (0.61), Ca2+ (1.0), NH4+ (1.7), Cl- (0.61), 
NO3- (0.36) and SO42- (0.40). The precision of analysis 
was ± 5%. 
 
Data treatment 
The analytical results were evaluated by 
comparing the relation between measured electrical 
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conductivity and electrical conductivity calculated by 
ionic balance, according to the guidelines of the World 
Meteorological Organization (WMO/GAW, 2004). 
Following this criteria, 3 rainwater samples from 
Maracanã and 4 from Deodoro were rejected. 
In this study, we applied non–parametric 
statistics on the precipitation chemistry data because 
most of the variables did not show normal distribution 
based on the Shapiro–Wilk test (CONOVER, 1980). 
Mann–Whitney test was used to evaluate the spatial 
differences between the variables, while the Spearman 
rank test and linear regressions were used to verify 
correlations between them. Factor Analysis with 
Varimax normalized rotation was applied to the results 
to identify the potential origins of the variables. The 
statistical tests were performed to significance equal or 
less than 0.05 using Statistic Program 7.0. 
 
RESULTS AND DISCUSSION 
Rainfall 
The total accumulated precipitation sampled 
in Maracanã (from June 1999 to March 2000) and 
Deodoro (from August 1999 to March 2000) were 710 
mm and 507 mm, respectively. For Maracanã, this 
value corresponded to 64% of the 12–month records 
(from April 1999 to March 2000) from the Grajaú 
(1107 mm) weather station located ca. 3 km southwest 
(22º55’00” S, 43º16’03” W; 112 m elevation) of that 
sampling site. For Deodoro, the precipitation amount 
comprised 67% of the 12–month record (from April 
1999 to March 2000) from the Bangú weather station 
(752 mm), located ca. 8 km southwest (22º52’49” S; 
43º27’57” W; 50 m elevation) of that sampling site. 
All precipitation data from meteorological stations 
were compiled from the website of the FUNDAÇÃO 
GEORio (2020a). 
The monthly precipitation values during the 
study period (12–month record; April 1999–March 
2000) were mostly below the long term monthly 
means (period 1997–2016), especially from October to 
December, from both meteorological stations (Figure 
2). This could be attributed to severe drought that 
affected southeastern Brazil, due to strong El Niño 
events that took place during the period 1997–1999 
(INPE, 2020a). 
 
Figure 2. Comparison between twelve–month record 
rainfall (April 1999–March 2000;           ) and long term 
mean monthly rainfall (period 1997–2016;         ) from 
Grajaú and Bangú weather stations in the city of Rio de 
Janeiro. The vertical lines represent the standard deviations. 
Precipitation data were compiled from the website of the 





Electrical conductivity and pH  
The measured electrical conductivities (EC) 
were comparable to the calculated EC at both sampling 
sites (Figure 3a). The distribution of these values fits 
quite well to the 1:1 line, indicating good agreement 
between them.  
The volume-weighted mean (VWM) 
measured electrical condutivity (EC) of rainwater in 
Maracanã and Deodoro were respectively 18.4 μS cm-
1 (4.20–132 μS cm-1; n = 24) and 13.4 μS cm-1 (from 
3.20–63.6 μS cm-1; n = 17), with greater amplitude of 
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values found in the former. There is an inverse 
relationship between the measured EC and rainfall 
amount, which is basically attributed to dilution effect 
(Figure 3b). Maracanã is subjected to greater influence 
of sea–salt aerosols due to its shorter distance from the 
coast, which explains the highest measured EC values 
in the rainwater from this site. 
 
Figure 3. Correlations between measured electrical 
conductivity (measured EC) and calculated electrical 
conductivity (calculated EC) (a) and measured EC and 
rainfall (b) in rainwater at the two sampling sites in the city 







The VWM pH of rainwater, calculated from 
the VWM H+ concentrations, were 5.1 (3.8–6.5; n = 
24) for Maracanã and 5.5 (4.8–6.1; n = 17) for 
Deodoro, corresponding to free acidities (H+ ions) of 
8.4 and of 3.4 µeq L-1, respectively (Table 1). These 
VWM pH values are smaller than that resulting from 
the dissolution of atmospheric CO2 (pCO2 = 3.7 x10−2 
atm at 298 K) and partial ionization of H2CO3 in pure 
water (pH = 5.6 or H+ = 2.3 µeq L-1). Galloway et al. 
(1982) considered pH = 5.0 as the lower limit of 
natural contribution of acids in rainwater.  
We found that 63% and 29% of the pH values 
in Maracanã and 23% and 6% of those in Deodoro 
were below 5.6 and 5.0, respectively. The VWM pH 
values from Maracanã and Deodoro were higher than 
those reported in previous studies conducted in the 
MRRJ during the 1980s (SILVA-FILHO, 1985; 
BROWN et al., 1989; DE MELLO, 2001) and  similar 
to the range of values (5.1 – 5.3) reported in the early 
2000s (ABREU, 2005; SILVA, 2009). 
The difference between the sum of anions (Cl-
, NO3- and SO42-) and the sum of cations (H+, Na+, 
NH4+, K+, Ca2+ and Mg2+) displays a VWM anion 
deficit of 15.7 µeq L-1 for Maracanã and of 2.5 µeq L-1 
for Deodoro (Figure 4). This fact has been observed in 
remote, urban, rural and industrial areas and is usually 
attributed to undetermined carboxylate anions, such as 
formate, acetate and oxalate (FORNARO and GUTZ, 
2006; CASARTELLI et al., 2008; CONCEIÇÃO et 
al., 2013; VET et al., 2014) 
 
Figure 4. Correlation between sum of cations and sum of 
anions in rainfall at the two sampling sites in the city of Rio 





Concentrations of major inorganic ions 
 
There was no significant spatial difference 





constituents in rainwater, except H+, which was about 
2.5 fold higher in Maracanã compared to Deodoro 
(Table 1; Mann–Whitney test; p < 0.05). In this study, 
the VWM concentrations of NH4+, Na+, Mg2+, Ca2+, Cl- 
and SO42- were within the range of the VWM values 
reported for other large urban areas in Southeast 
Brazil, except K+ and NO3- which fit in the lower end 
of their ranges (DE MELLO, 2001; LARA et al., 2001; 
ROCHA et al., 2003; LEAL et al., 2004; SANTOS et 
al., 2007). 
 
Table 1. Arithmetic mean (AM ± SD) and volume–
weighted mean (VWM) concentrations (µeq L-1) of major 
inorganic constituents in rainwater at the Maracanã and 
Deodoro sites. 
SD: Standard deviation. 
 
The relative distribution of inorganic ions in 
rainwater (based on equivalent concentrations) 
decreased as follows: Cl-(27%) > Na+(21%) > SO42-
(13%) > Mg2+(11%) = NH4+(11%) > NO3-(7%) > 
Ca2+(5%) > H+(3%) > K+(2%) for Maracanã and Cl-
(26%) > Na+(19%) > SO42- (14%) = NH4+ (14%) > 
Mg2+ (10%) = NO3-(10%) > Ca2+(4%) > H+(2%) > 
K+(1%) for Deodoro. Chloride and Na+ together 
accounted to approximately half of the total major 
inorganic constituents dissolved in rainwater and were 
highly correlated (Spearman rank test, p < 0.01; r = 
0.99, n = 24 for Maracanã; r = 0.98, n = 17 for 
Deodoro), indicating that at both sites the chemical 
composition of rainwater is strongly influenced by 
sea–salt aerosol. Likewise, the chemical composition 
of rainwater in an urban coastal site and in a montane 
forest area, both in the MRRJ, has shown to be quite 
affected by marine sources (DE MELLO, 2001; 
ABREU, 2005). 
Using Na+ as a sea–salt tracer (KEENE et al., 
1996; MILLERO, 2006), non–sea–salt fractions of Cl-
, Mg2+, K+, Ca2+ and SO42- comprised respectively 7%, 
57%, 72%, 83% and 81% of their total VWM 
concentrations for Maracanã and 13%, 54%, 71%, 
78% and 83% for Deodoro. In general, most of K+, 
Ca2+ and SO42- and little more than half of Mg2+ 
originated from natural and/or anthropogenic sources 
other than sea–salt aerosol particles, whereas Cl- is 
predominantly of sea salt origin. 
 
Inorganic ions sources in rainwater 
Non–sea–salt potassium, calcium and magnesium 
The non–sea–salt fractions of K+, Ca2+ and 
Mg2+ in rainwater varies significantly from coastal to 
inland sites and also with altitude. In a southern shore 
of Ilha Grande (ca. 100 km southwest from our study 
sites), a coastal island in southwestern Rio de Janeiro 
state, De Souza et al. (2006) found that the non–sea–
salt fractions of K+, Ca2+ and Mg2+ comprised 
respectively 56%, 32% and 20% of their total 
concentrations.  
Using rainwater chemical composition data 
from central Amazon reported by Williams et al. 
(1997), we calculated non–sea–salt contributions of 
93%, 96% and 40% for those K+, Ca2+ and Mg2+, 
respectively. At the Itatiaia massif (a conservation area 
of the Atlantic Forest Biome), a mountain range ca. 
160 km northwest from our study sites, the non–sea–
salt fractions of K+, Ca2+ and Mg2+ comprised 93% and 
97%, 96% and 98%, and 60% and 64% for 820 m and 
Sampling site AM ± SD VWM 
Maracanã (n = 24)   
H+ 13.0 ± 34.0 8.37 
NH4+  50.8 ± 41.4 26.1 
Na+ 109 ± 128.6 52.9 
K+ 7.00 ± 14.2 4.06 
Ca2+ 26.1 ± 41.4 13.4 
Mg2+ 50.7 ± 29.1 27.8 
NO3-  31.1 ± 32.8 17.2 
Cl- 121 ± 151 66.5 
SO42- 60.0 ± 27.8 33.3 
Deodoro (n = 17)   
H+ 2.79 ± 3.50 3.37 
NH4+  51.2 ± 57.70 24.7 
Na+ 72.2 ± 90.0 33.6 
K+ 3.90 ± 2.57 2.56 
Ca2+ 12.6 ± 4.32 6.71 
Mg2+ 36.7 ± 21.4 16.5 
NO3-  25.5 ± 23.4 16.4 
Cl- 94.8 ± 114 44.9 
SO42- 40.9 ± 11.6 23.7 
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2460 m altitude, respectively (DE MELLO and 
ALMEIDA, 2004).  
The excesses (non-sea-salt fractions) of K+, 
Ca2+ and Mg2+ with respect to sea–salt are usually 
attributed to terrestrial biogenic sources, such as leaf 
fragments, pollen grains, fungi, algae and al., 1990; 
ARTAXO and HANSSON, 1995). The proportions of 
K+, Ca2+ and Mg2+ in terrestrial plants are variable in 
tropical forests according to sazonality, leaf age, 
successional stage, nutrient availability, topography 
and soil types (SOBRADO and MEDINA, 1980; 
VITOUSEK and SANFORD, 1986; VITOUSEK et 
al., 1995; MORAES and DOMINGO, 1997; KLUMP 
et al., 2002; BOEGER et al., 2005).  
Some studies suggest enrichments of Ca2+ and 
Mg2+ (GASTON et al., 2011; SALTER et al., 2016; 
and references therein), with respect to sea–salt 
composition, in natural submicrometer marine aerosol 
particles generated by bursting bubble process in 
marine environment.  
 
Chloride and sodium 
The Cl-/Na+ equivalent ratios (based on their 
VWM concentrations) in rainwater in Maracanã and 
Deodoro were respectively 1.26 and 1.34. No 
significant difference was found between them when 
the entire individual data sets are compared (Mann–
Whitney test, p < 0.01). These values are slightly 
greater (8.3% and 15%, respectively) than the sea–salt 
Cl-/Na+ ratio (1.16; MILLEIRO, 2006). A 7.6 % Cl- 
enrichment with respect to sea–salt was reported by de 
Souza et al. (2006) in rainwater collected at the 
southern coast of Ilha Grande. A slightly higher 
enrichment value (17%) was reported by Andrade 
(2005) in rainwater at the Pedra Branca massif, a forest 
reserve whithin the urban area of the city of Rio de 
Janeiro. Intestingly, de Mello and Almeida (2004) 
found a significant altitudinal variation at the Itatiaia 
massif, with Cl- enriching from 15% at 820 m to 160% 
at 2460 m altitude. 
 In contrast, Cl- depletion has been observed in 
bulk precipitation (rainwater and soluble particles 
deposited by gravitational settling) samples (DE 
MELLO, 2001; ARAUJO et al., 2015) and in 
atmospheric aerosol particles (MARIANI and DE 
MELLO, 2007; DE SOUZA et al. 2010; 2011) in 
coastal urban areas of Brazil. A possible mechanism to 
explain the Cl- in rainwater and aerosol particles is the 
volatilization of HCl after heterogeneous reactions of 
gaseous HNO3 and H2SO4 on the surface of NaCl 
particles as proposed by Keene et al. (1986) (Equation 
1): 
 
NaCl(s) + HNO3(g) → NaNO3(s) + HCl(g)      Eq. (1) 
  
In a costal urban area of Hong Kong, Zhuang 
et al. (1999) estimated that the loss of Cl- from 
atmospheric aerosols increased from 10% to 98% as 
particles decrease in size from 18 µm to 1.8 µm, due 
to the larger surface area and longer residence time in 
the atmosphere of the smallest particles. In Niterói, ca. 
10–20 km east-southeast from our sampling sites 
(Figure 1), and in  São José dos Campos, a urban and 
industrial area of São Paulo state, ca. 60 km north from 
the Atlantic coast and 270 km southwest from our 
study sites, Cl- deficits were found in both fine (41%) 
and coarse (39%) fractions of PM10 (particulate matter 
≤ 10 µm in diameter), with a more pronounced 
enrichment in dry season (DE SOUZA et al., 2010).  
In remote area of Asia (Himalaya 
Mountainous), Shrestha et al. (2002) reported Cl- 
enrichment relative to seawater Cl-/Na+ ratio in 
rainwater and snow, and Cl- deficit in aerosol particles.  
They believe that Cl- enrichment is due to scavenging 
of gaseous HCl by rain droplets and incorporation 
during growth of snowflakes. 
Chloride enrichment in rainwater and deficit 
in particulate matter were also found in central 
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Amazon during dry season, being the former attributed 
to scavenging of gaseous HCl and biogenic KCl 
particles from biomass burning (ANDREAE et al., 
1990, ARTAXO et al., 1998). Therefore, we believe 
that Cl- enrichment in rainwater in the MRRJ results 
from the scavenging of gaseous HCl volatilized from 
sea–salt particles, but possibly also from gaseous HCl 
and KCl particles both from biomass burning. 
However, no significant correlation (Spearman rank 
test, p > 0.05) was found between nss–Cl- and nss–K+ 
in the rainwater samples from Maracanã (r = 0.21, n = 
24) and Deodoro (r = 0.08, n = 17). 
 
Non–sea–salt sulfate, nitrate and ammonium 
Volume–weighted mean concentrations of 
SO42- in rainwater samples in Maracanã and Deodoro 
were respectively 33.3 and 23.7 µeq L-1, which are 
lower than the VWM concentration of SO42- (41.3 µeq 
L-1) found by de Mello (2001) in rainwater from 
Niterói by the late 1980s. The rainwater SO42- 
concentration reported by Abreu (2005) in the Pedra 
Branca massif (32 µeq L-1) is very similar to the value 
observed in Maracanã, but higher than the that 
determined in Deodoro. The distances between 
sampling sites and the Atlantic coast (Figure 1), as 
well as topography, explain the differences, although 
small, of VWM sea–salt sulfate concentrations for 
Deodoro (4.1 µeq L-1 ), Maracanã (6.4 µeq L-1), Pedra 
Branca (7.2 µeq L-1) and Niterói (7.4 µeq L-1). 
Their non–sea–salt sulfate fractions were 
similar comprising respectively 82, 81, 77 and 83%, 
suggesting that no significant changes in 
anthropogenic SO2 emissions took place in the MRRJ 
between the late 1980s and the early 2000s, when the 
study in Niterói and those in Rio the city of Rio de 
Janeiro (Deodoro, Maracanã and Pedra Branca) took 
place, respectively. However, there are no data 
available in the literature regarding SO2 concentrations 
in RMRJ during that period. In the city of São Paulo, 
Fornaro and Gutz (2006) showed an expressive drop 
of SO2 concentrations between 1983 (~ 64 µg m-3) and 
1992 (~ 15 µg m-3) and much less pronounced changes 
from 1993 to 2003, when concentrations oscillated 
from around 13 to 20 µg m-3. 
Using data compiled from different studies of 
SO42- in rainwater, they showed a concomitant 
decrease of SO42- concentrations in rainwater between 
1983 and 2003. In the MRRJ, the anthropogenic 
emissions of SO2 from fixed and mobile sources might 
have decreased due to use of fuel with lower sulfur 
contents following the regulations established by 
PRONAR (National Air Quality Control Program) and 
PROCONVE (National Vehicular Emissions Control 
Program) in the mid–1980s, however, the vehicular 
fleet have doubled between 1994 and 2004, going from 
980 thousand to 1.9 million vehicles (FUNDAÇÃO 
GeoRIO, 2020b). 
Volume–weighted mean concentrations of 
NO3- in Maracanã (17.2 µeq L-1) and Deodoro (16.4 
µeq L-1) were similar to that reported by de Mello 
(2001) in Niterói (15.8 de µeq L-1) in the late 1980s. 
These values are closer to the lower end of the range 
of rainwater NO3- compiled by Fornaro and  Gutz 
(2006) from several studies conducted in São Paulo, 
12.6–30.0 µeq L-1, between the early 1980s to the early 
2000s.   
The VWM concentrations of NH4+ in 
Maracanã and Deodoro (26.1 and 24.7 µeq L-1, 
respectively) were greater than those reported by de 
Mello (2001), 18.8 µeq L-1, in Niterói in the late 1980s 
and by Abreu (2005), 22,4 µeq L-1, at the Pedra Branca 
massif, early 2000s . However, they fit at the lower end 
of the range of NH4+ data compiled by Fornaro and 
Gutz (2006) for the Metropolitan Region of São Paulo 
(26.1–37.8 µeq L-1).   
The median NH4+/NO3- ratio for Maracanã and 
Deodoro together is 2.0, indicating a predominance of 
ammonium to the total inorganic nitrogen in rainwater. 
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This value is slight higher to the median value of 
NH4+/NO3- (1.4) calculated from the data compiled by 
Fornaro and Gutz (2006). Basically, the major 
atmospheric sink for ammonia is neutralization of 
acids, specially sulfuric and nitric, give rise to 
dissolved ammonium. In rainwater, NH4+ originates 
from dissolution of gaseous NH3 andr NH4+–
containing aerosol particles, such as (NH4)2SO4, 
NH4HSO4 and NH4NO3. Gas phase reaction with 
hydroxyl radicals (OH) is not a significant sink for 
NH3 in the atmosphere due to the low reaction rate 
(rate constant: k = 1.6 × 10-13 cm3 moléculas-1 s-1) for 
the usual mixing ratio of OH radical in the 
troposphere, ca. 0.04 ppt (SEINFELD and PANDIS, 
2006).  
There is no available data of atmospheric NH3 
in the MRRJ. Given that it is not a pollutant legislated 
by CONAMA (National Council for the 
Environment), its air concentrations are not regularly 
monitored by state environmental agencies in Brazil. 
However, there are several potential anthropogenic 
sources of NH3 that might have contributed to the 
intensification of its emissions over the 1990s, and 
consequently the raise of NH4+ in rainwater: 
uncollected and untreated urban sewage, release of 
under–treated and untreated sewage into Guanabara 
Bay, municipal landfills, cattle breeding farms and 
biomass burning (including long–range transport of 
small particles and gases from slash and burn 
agriculture and deforestation activities). 
In 2000, the daily production of waste by the 
population of the MRRJ (ca. 10.1 million inhabitants) 
was ca. 13 thousand tones, of which 73% were 
disposed in landfills and the remainder (25%) in open 
municipal dumping grounds (IBGE, 2000). Jardim 
Gramacho landfill, the largest municipal landfill (130 
ha) in Latin America, inactive since 2012 after 3 
decades of operation, received ca. 7 thousand tones 
day-1 of waste (GUEDES, 2007). The high 
concentrations of total ammonia (NH3 + NH4+, up to 
60 mmol L-1) in the leachate produced by the 
Gramacho landfill associated to its alkaline pH (8.1) 
(SILVA, 2002) represented favorable conditions to 
promote NH3 emissions.  
We believe that the eutrophic waters of 
Guanabara Bay are an important source of NH3 to the 
atmosphere of the MRRJ, basically due to elevated 
discharge of under–treated and untreated sewage into 
the bay.  From 1990 to 2000, the release of sewage into 
the bay increased from 19.2 to 23.5 m3 s-1, of which a 
small fraction was treated, 12 and 20%, respectively 
(COELHO, 2007). Guimarães and de Mello (2006) 
estimated an average NH3 emission of 42 kg N ha−1 
yr−1 from the bay's surface waters (328 km2), eight 
times higher than the local total inorganic nitrogen 
deposition (NH4+ + NO3-) estimated by de Mello 
(2001), 5.4 kg N ha−1 yr−1.  
Based on the inventory livestock data from the 
Brazilian Institute of Geography and Statistics (IBGE, 
1988,1998) and the emission factors of NH3 provided 
by Bouwman and Van der Hoek (1997), we estimated 
that NH3 emissions from cattle excreta in the MRRJ 
(6745 km2) increased almost 70% from 1988 (3.5 N kg 
ha-1 yr-1) to 1998 (5.9 N kg ha-1 yr-1). We also believe 
that biomass burning during the dry season is an 
important source of NH3 to the atmosphere. It is 
important to highlight that during our study period 
(1999–2000), characterized by very low rainfall 
regimes, 356 occurrences of vegetation fires were 
detected in the Rio de Janeiro state (INPE, 2020b) 
most (87%) during the dry season, three times higher 
than that for the same period in 1998. 
Our results show that from the late 1980s (DE 
MELLO, 2001) to the late 1990s the rainwater 
NH4+/NO3- ratio increased from 1.2 to 1.5 and the 
NH4+/nss–SO42- ratio increased from 0.6 to 1.1 
(Maracanã–Deodoro rainwater data together), which 
certainly explains the increase of pH in rainwater from 
 
58 
4.7–4.8 (SILVA-FILHO, 1985; BROWN et al., 1989; 
DE MELLO, 2001) in the 1980s to 5.1–5.5 
(Maracanã–Deodoro) in the late 1990s. The Abreu 
(2005) report reveals similar values of these ratios (2.3 
and 0.9, respectively) and pH (5.0) in rainwater, in the 
early years of the 2000s, corroborating this supose. 
 
Rainwater neutralization acidity 
Highly and significant correlations (Spearman 
rank test, p < 0.01) were found for NH4+ and NO3- (r = 
0.71), NH4+ and nss–SO42- (r = 0.71), nss–SO42- and 
NO3- (r = 0.89), nss–Ca2+ and NO3- (r = 0.78), and nss–
Ca2+ and nss–SO42- (r = 0.86) in rainwater obtained by 
combining all values from Maracanã and Deodoro 
sites (n = 41), given that statistically there was no 
spatial difference between them. 
The [NH4+ + H+ + nss–Ca2+]/[NO3- + nss–
SO42−] ratio was 1.0 for Maracanã and Deodoro 
altogether. Figure 5 shows the relationship between 
[NH4+ + H+ + nss–Ca2+] and [NO3- + nss–SO42−], 
whose coefficient of determination is r2 = 0.91, 
indicating that 91% of the acidity in rainwater are 
controlled by dissolution of H2SO4, HNO3, NH3 
gaseous and their salts particles, such as (NH4)2SO4, 
NH4HSO4, NH4NO3, with a smaller contribution from 
the dissolution of calcium–containing salts, as calcium 
oxalate (CaC2O4). Oxalate is the most abundant 
carboxylate that has been found in aerosol particles in 
urban and forest area of São Paulo (VASCONCELOS 
et al., 2010), and in aerosol particles (DECESARI et 
al., 2006) and in rainwater in the Amazon forest 
(PAULIQUEVIS et al., 2012). 
 
Factor Analysis with Varimax rotation 
Factor analysis with Varimax rotation was 
applied to the set of all rainwater samples (n = 41) 
because there was no statistically significant 
difference between the sampling sites. Only the 
excesses of Mg2+, Ca2+, K+ and SO42- concentrations 
were considered, since the sea–salt contribution has 
been already discussed. In addition, we included the 
total concentration of Cl- because of its low enrichment 
regarding sea–salt Cl-. 
 
Figure 5. Relationship between [NH4+ + H+ + nss–Ca2+] and 
[NO3- + nss–SO42-] concentrations in rainwater samples for 




Three factors were obtained which explained 
91% of the total variance (Table 2). The factor 1 
accounted for 49% of the total variance with high 
loading for Na+, Cl-, and nss–Mg2+. This factor is 
attributed to a marine source and supports the 
assumption that nss–Mg2+ could have a marine 
component other than sea–salt spray. The factor 2 
showed high loaded values for H+, NH4+, NO3- and 
nss–SO42-, that encompasses 30% of the total variance, 
which is interpreted as ions resulting from dissolution 
of (NH4)2SO4, NH4HSO4 and NH4NO3 aerosols 
particles and their base and acid precursors in 
rainwater. They were found to be the major substances 
controlling free acidity of rainwater in the study area. 
 Finally, in factor 3, we identified higher 
loaded values for nss–K+ and nss–Ca2+, corresponding 
to 12% of the variance of results, suggesting as 
discussed early that their potential sources comprise 


































Table 2. Varimax–rotated factor loading matrix for 
rainwater samples combined from Maracanã and Deodoro 
sites (n = 41). 
 
Var. expl. %: Variance explained %. 
 aValues > 0.70. 
 
CONCLUSION 
The major inorganic ions concentrations in 
rainwater did not differ except H+ between the two 
study sites, characterized by areas of heavy traffic flow 
and poor ventilation in the city of Rio de Janeiro. 
Rainwater chemistry is strongly influenced by sea–salt 
aerosols, with Cl- and Na+ comprising half of the total 
concentration of inorganic ions. The non–sea–salt 
fractions of the K+, Mg2+, Ca2+ and SO42- comprised 
54–83% of their concentrations in rainwater owing to 
unidentified natural and anthropogenic sources.  
Ammonium is the predominant inorganic 
form of nitrogen in the rainwater and was well 
correlated with nss–SO42- and NO3-, indicating 
dissolution of secondary aerosols and their base and 
acid precursors, which are major components 
controlling the local rainwater acidity. The VWM pH 
of rainwater increased by at least 0.3 pH units 
compared to those reported in the literature from 
studies performed in the metropolitan regions of Rio 
de Janeiro and São Paulo during the 1980s. We believe 
that this change can be attributed to an increase in 
ammonium concentrations and a decrease in sulfate 
concentrations in relation to the reported 
concentrations of studies carried out in the 1980s.  
Factor analysis with varimax rotation 
identified three potential sources for inorganic ions: 
marine, secondary aerosols and terrestrial vegetation 
including natural processes and biomass burning 
activities.  
 These finding suggest that rainwater 
chemistry in the city of Rio de Janeiro is governed 
largely by sea–salt aerosols, but also by multiple local 
and regional natural and anthropogenic sources. It also 
shows indications that it is changing over time due to 
effective implementation of SO2 emission controls 
and, on the other hand, insufficient basic sanitation 
infrastructure and inefficient environmental 
management practices to control biomass burning. 
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